The parameters which characterize the quality of hadron beams in the different accelerators or storage rings most commonly used or in project are reviewed. Owing to the absence of natural damping mechanism, hadron beams require careful manipulations. Some of those are described, in particular the processes used to inject from one machine into another. Among the phenomena which have to be carefully controlled in order to reach the desired performance, special attention is given to space-charge and slow instabilities arising from non-linearities. 
INTRODUCTION
The parameters used to judge the quality of a particle beam delivered by an accelerator or circulating in a storage ring are essentially its intensity and its size. Many different phenomena limit our ability to achieve beams of high intensity and small size, particularly if we want high intensity and small size simultaneously. Therefore we usually have to make compromises, sacrificing some parameters to optimize other, more important ones. This is particularly true of hadron beams. Hadrons are heavy particles which, at the energies attained nowadays, radiate very little and therefore essentially obey Liouville' theorem: their density in phase space is at best constant, and in practice tends to decrease during the acceleration or storage processes due to imperfect manipulations or imperfectly controlled interactions. On the one hand, extreme care is required to preserve the quality of hadron beams all along the accelerators chain; on the other hand, the quasi absence of dissipative processes allows one to perform extremely delicate and sophisticated manipulations on hadron beams in order to adjust in the best way their parameters to the requirements of the users. These two aspects of hadron beam handling are illustrated in this report.
Concerning the different effects which can destroy the quality of hadron beams, we will insist mostly on those which are not treated elsewhere in this course, like for instance space-charge and non-linear motion. The other effects, like Intra Beam Scattering or Collective Instabilities, which are treated in detail in specialized courses, will at most be mentioned.
QUALITIES REQUIRED IN DIFFERENT MACHINES
The beam parameters most often used, with their units when appropriate, are shown in table 1. Here T β is the value of the betatron function amplitude at the location where T σ is measured, and β and γ are the usual relativistic factors. The definitions above are not necessarily logical, but they are widely used in the contemporary accelerator literature.
We will now review different classes of machines, stressing in each case which are the most important parameters and illustrating the presentation with examples.
Classical Proton Accelerator
This machine usually sends its beams onto material targets, in order to produce secondary particles like electrons, muons, kaons, neutrinos, etc…. The main figure of merit is the total number of accelerated particles N t . Other parameters are much less important, although they have to stay within certain bounds. Let us take the example of the CERN SPS, which accelerates protons up to 450 GeV.
Its parameters are shown in table 2. Here the aim is to reach the largest possible N t while keeping beam losses below a predetermined limit in order to control the radioactivity of the machine. At injection energy (14 GeV in the SPS) the transverse emittance must be small enough to fill the aperture of the vacuum chamber without loosing more than 1 or 2 % of beam. There is no incentive to reduce it further, since high density beams are more prone to collective instabilities. During acceleration a moderate increase of T ε can even be allowed, provided the beam dimension, which tends to shrink owing to adiabatic damping, remains adequate for high energy beam manipulations (ejection, beam splitting, targeting). The longitudinal emittance increases from 0.2 to 2 eV.s during acceleration. This is due to numerous longitudinal collective instabilities, and is harmless since it produces no beam losses (the longitudinal acceptance is sufficiently large) and provides a natural way of stabilizing the beam at high energy during ejection.
As we will see later, when the SPS is used as injector for the LHC, such a blow-up is unacceptable and must be suppressed.
Injectors
It is perhaps in the injectors that the demand on beam quality is the most severe. Here all parameters listed in table 1 may be important, and in particular the ratio ε / N , the beam density. In the SPS used as LHC injector, the total intensity is somewhat less than the maximum achieved in fixed-target mode, but the emittances, both transverse and longitudinal, have to be kept below very strict limits. A comprehensive programme aimed at upgrading the machine towards this goal is being pursued.
Colliders
The figure of merit of a collider is its luminosity
where k is the number of bunches and f rev the revolution frequency. In terms of transverse emittance this formula becomes:
where
, the bunch spacing in seconds, is limited by the performance of the physics detectors and the beam crossing arrangements.
The first bracket represents the beam transverse density. It is proportional to the beam-beam parameter m. This is because they aim at operating below the beam-beam limit, at relatively modest luminosity. In this case it is interesting to have a very small emittance, this helps reduce the cost of the machine.
The longitudinal emittance ε does not appear in the formula for luminosity: it can therefore be chosen to optimize other aspects of the machine. We want the bunch length t s σ σ c = to be smaller than the value T β of the betatron function at the collision point (otherwise luminosity would be affected) and the momentum spread at injection to be small enough to preserve single particle stability. This favors small ε .
On the other hand a large ε reduces transverse emittance growth due to Intra Beam Scattering and helps fight collective instabilities. The best compromise in the LHC is ε = 1 eV.s at injection and ε =2.5 eV.s in collision. The longitudinal emittance is increased during acceleration in a controlled way.
Drivers
These machines have been the subject of considerable work recently. They are medium energy (typically 1 to 15 GeV) high intensity hadron accelerators (most of them proton accelerators) used to generate short, intense pulses of neutrons (spallation neutron sources) or neutrinos (neutrino factories) or to drive subcritical nuclear fission reactors or nuclear waste burners. A very large number of particles per pulse and a high repetition rate are required, together with the possibility for some of them to compress the bunch down to a length of a nanosecond or so. This last demand can be met only with bunches of reasonably small longitudinal emittance. In these machines the transverse emittance is not critical, in fact it has to be large in order to overcome space-charge problems.
Coolers
These are low energy, proton, antiproton, or ion storage rings, in which cooling techniques are used to increase the density ε / N to extreme values. They constitute exceptions in our list since cooling processes (either stochastic cooling or electron cooling) are globally non-Liouvillian.
SOURCES AND LINACS
In order to be able later-on in the process of acceleration to manipulate beams to meet various user requirements, it is essential to start with beams of the largest possible density. Here we list typical average performances currently attainable, which can then be compared to requirements at succeeding stages.
The Sources
Typically sources reach transverse normalised emittances n T , ε of the order of 0.2 10 -6 m. The corresponding intensity depends on the type of particles: it goes up to 200 mA for proton sources, but reaches only 40 mA for H -sources. We will see later-on how these low intensity H -beams can be used to give, through charge exchange injection, better performances than the more intense H + beams.
Linacs
The source accelerates the beams to about 50 KeV and injects them into a Linear Accelerator which in turn brings the energy up to a few hundred MeV or even in some cases 1 or 2 GeV. There is an unavoidable increase of transverse emittance in the Linac due to space-charge effects. These effects will be described later. The blow-up is more pronounced for high beam intensity. In the CERN 50 MeV proton Linac, with I = 170 mA, the emittance at exit is 1.2 10 -6 m. It has increased sixfold along the Linac, for reasons which are not all clear, but probably mainly due to space-charge. In the CERN SPL, the 2.2 GeV superconducting Linac now under study, the H -intensity is 40 mA and the emittance at exit is expected to be 0. 6 10 -6 m, that is only 3 times the entrance value. Comparing these numbers to the stringent collider requirements (LHC: ,n T ε =3.7510 -6 m, VLHC: 10 1.
we see that they are adequate but there is not much margin to allow for emittance dilution in the successive synchrotrons of the injection chain.
TRANSVERSE SPACE CHARGE Direct Space-Charge
Particles of the same charge are subject to mutual repulsion due to Coulomb interaction. However, since these particles travel side by side at velocity c β , there is an attractive component and the total force is [1] :
where E r is the average radial electric field and φ B the average azimuthal magnetic field induced by all other particles of the beam on the test particle, as shown in fig 1. Let us envisage first the case of a cylindrical beam with constant particle density
, where I is the current and a the beam radius.
Applying Gauss' and Ampere' laws at radius a r = we can write respectively
from which we get, remembering that 1
, we see that due to the partial cancellation of the electrostatic and the magnetic forces, the direct space-charge interaction diminishes fast with increasing energy. It mainly affects beams at injection energy.
Beam Transport with Space-Charge
At each position s along the accelerator particles are subjected to a space-charge defocusing force k sc (s) which is superimposed to the externally applied focusing k(s). The transverse equation of motion [2] becomes:
, where x is the second time derivative of x, we find:
In a circular accelerator of radius R and betatron function where N is the number of particles in the machine, one gets:
which is the classical formula for space-charge detuning. This formula has been derived for a continuous beam with a uniform current along the machine, and a uniform particle distribution in each transverse slice of the beam. It can however be generalized to real bunches of particles.
Space-Charge in Real Particle Bunches
Most of the time particles are gathered in bunches by the radio-frequency accelerating system. The particle density is usually maximum at the centre of the bunch and decreases smoothly to zero at the ends. The space-charge detuning is proportional to the local density, and formula (7) applies if we replace N by in the vertical direction (point A of the neck tie) while particles at the ends of the bunch see practically no effect so that their tune is the unperturbed tune of the machine at point C. Experience shows that betatron resonances of order 2 (on integer or half integer tunes) which are excited by quadrupolar errors in the guide fields, and of order 3 (on 1/3 integer) which are excited by sextupolar errors, produce an increase of particle amplitudes leading to beam losses. Therefore the usual recipe in accelerator design is to restrict the maximum tune shift to about 0.3: this allows to locate the whole beam in-between resonances of order 2 and 3. In the PS Booster, one could increase the tune shift up to 0.5 after careful compensation of the 3 rd order resonances using sextupole correctors. Another complication arises because the transverse distribution in a slice of the beam is usually non uniform. The uniform distribution used up to now is the projection, in the real transverse plane, of a "shell "distribution in the four dimensional phase space
: this is the Kapchinski-Vladimirski (K.V.) distribution [3] . A "real" distribution is usually approximated by a Gaussian distribution. It has the remarkable property that a Gaussian distribution in the four dimensional phase space generates a Gaussian distribution also in the real transverse plane. Fig. 3 summarizes the situation for the K.V. and the Gaussian distributions. When the distribution is non uniform, we can still apply Gauss' and Ampere' laws to evaluate the force at a distance r from the beam centre, but now we have to integrate from zero to r to find the charge. The result for a Gaussian beam is: 
For small values of r the force increases linearly with r, but at large amplitude it saturates and decreases to zero. As a consequence particles with large betatron amplitudes suffer less tune shift than small amplitude ones. This introduces an additional source of tune spread among the particles of a bunch. On fig. 2 point B represents particles which are longitudinally at the bunch centre but have large betatron amplitudes. This is important for the following discussion.
The tune depression at the center of a Gaussian beam is given by:
The envelope equation
The "naïve" approach outlined above is well justified experimentally in circular machines but is not self-consistent and would lead to inaccurate results in the case of Linear accelerators or transport lines where space-charge forces are often much stronger. This is because the force depends on the beam size. If the space-charge force displaces the tune towards a 1/2 integer resonance, the beam size grows, which in turn decreases the force. A self-consistent treatment can be made in the case of a uniform distribution (K.V. distribution) by considering the envelope equation [3] .
( ) ( )
Here y x r , is the horizontal, vertical extension of the envelope, = is the (unormalized) emittance. The first three terms of the l.h.s. are the usual envelope equation, while the fourth term represents the space-charge effect .
Stationary solutions of this equation give the "matched" solutions. For a given intensity, any distribution in the strength of the focusing elements which satisfy this equation allows a transport of the beam without deterioration. The intensity limit above which this is no longer possible is the space-charge limit. In Linear accelerators or transfer lines this limit is much higher than in circular machines.
If a matched solution exists but the beam is injected unmatched (this happens for instance if the beam intensity varies from pulse to pulse) the beam envelope oscillates coherently around the matched solution. There are two coherent modes: -the zero mode in which x r and y r oscillate in phase -the π mode in which they oscillate in antiphase.
The π mode is the most interesting. Its frequency is:
is the incoherent tune shift calculated above. In absence of spacecharge the frequency of the π mode of the envelope is twice the unperturbed machine tune 0 Q . At high intensity the depression of the envelope frequency is less than twice the incoherent space-charge detuning. Therefore the space-charge limit due to halfinteger resonances (they happen when π Q =integer) is larger than that naively calculated by considering single particles.
The solutions of the envelope equation outlined above can be found analytically for the K.V. distribution. For a real distribution, for instance a Gaussian one, the analysis of the problem is much more complicated. However it has been shown [4] that in this case the envelope equation can still be applied if one considers only the second moment (R.M.S.) of the distribution. There is a π mode oscillation of the R.M.S. size with a frequency depression equal (for round beams) to that of the K.V. distribution.
However the fact that the Gaussian distribution has tails extending well beyond the R.M.S. amplitude has very interesting consequences.
The first consequence is that a mismatched beam "filaments" which means that owing to the tune spread among the particles the coherent oscillation energy of the envelope is transferred to single particles, and the beam R.M.S. increases.
The second consequence is more subtle but maybe more dangerous, because it is not "self healing" as tends to be the R.M.S. blow-up: this is the formation of a halo. This halo, although it contains a small fraction of the particles is dangerous in high intensity machines like the drivers, because it leads to particle losses in aperture restrictions and a consequent activation of the machine. Its formation can be understood qualitatively by looking back at the tune diagram of fig.2 . We have seen that with a realistic transverse distribution the particles with large transverse amplitudes have a reduced tune depression and are approximately situated at point B. This region corresponds to half the frequency of the R.M.S. oscillation. Therefore if a beam is injected mismatched, it oscillates coherently and part of the corresponding energy can be transferred resonantly to single particles, increasing their amplitude and creating a halo.
Minimizing Space-Charge Effects
As we have seen, the largest tune depression occurs at the dense centre of particle bunches. In order to minimize this effect one should distribute particles inside the bunch so as to approach a uniform distribution in all dimensions. In the transverse dimensions, we will see later how "injection painting" can be used to approach the K.V. distribution. In the longitudinal direction, two techniques are used to create "rectangular "bunches.
The first technique consists in creating a "hollow" bunch in longitudinal phase space (similar to the K.V. distribution). Before RF capture, while the beam is circulating debunched, one introduces adiabatically empty buckets into the beam by sweeping the frequency of a high harmonic RF cavity, as shown in fig. 4 . Subsequent adiabatic capture with the accelerating cavity produces the "hollow" bunch on the right [5] . Its projection onto the time axis gives an approximately rectangular distribution.
The second technique uses an harmonic RF cavity excited in antiphase with the main cavity: the combination results in a accelerating wave which has a flat part at the bunch centre. As a consequence particles tend to cluster towards the bunch edges, creating a quasi rectangular bunch as seen on fig. 5 [6] . 
INJECTION FROM LINAC TO SYNCHROTRON

Monoturn Injection
The simplest scheme consists in injecting a Linac pulse with a length equal to the ring circumference. This allows to preserve the Linac emittance n T , ε , but requires a Linac of high intensity. Moreover, often the injected beam would be too dense and would be destroyed by space-charge effects. This scheme is seldom used.
Multiturn Injection
The principle is shown in fig.6a [7] . The beam is injected continuously over many turns, and during this time the closed orbit at the location of the injection septum is moved inwards (from points 0 to 6 between turn 0 and 6), so that after a complete betatron oscillation the injected beam can clear the septum. Fig. 6b shows the resulting phase space after in this case 13 turns. The emittance in the plane of injection has been considerably increased. A sizeable dilution is created by the "shadows" of the septum magnet which remain in the phase space.
An improvement, used at the CERN PS Booster, consists in transferring to the vertical plane some of the horizontal oscillation amplitude of the injected beam through linear coupling. The effect is shown in fig 6a: one can clear the septum with a reduced change in orbit. 
Charge Exchange Injection
The drawbacks of multiturn injection (large dilution) can be overcome by accelerating − H ions in the Linac and stripping them of their two electrons to get + H inside the injection magnet, as shown in fig.7 . With this non-Liouvillian process one can theoretically accumulate many turns in the same phase space area [8] . Exploiting this property, one can use a Linac with a moderate intensity, in which it is possible to obtain a small emittance. It is then easy, using varying orbit bumps, to paint the phase space to optimize the injected beam properties. In particular one can obtain an approximation of the K.V. distribution by injecting successively at large amplitude and small angle, then large angle and small amplitude, and large horizontal, small vertical amplitude and vice versa. In this way one can populate (approximately) a "shell" in the four dimensional transverse phase space. This is a very powerful method which theoretically allows to reach the best possible performance. As an example the injection into the CERN neutrino factory driver under design is made over 600 turns. The initial emittance of the H -Linac beam is 0.6 10 -6 m, and the final one in the accumulator, which is entirely dictated by space-charge considerations, is 50 10 -6 m.
Cooling Injection
Cooling is another non-Liouvillian process which can be used to augment considerably the performance of a Linac-to-synchrotron injection process. Let us give here the example of the CERN lead ion accumulator [9] . The process is: -inject 35 turns while ramping energy by 4%0 and decreasing the horizontal orbit bump from 4 cm to 0. (multiturn injection -the value of the dispersion is large at the septum therefore ramping the energy helps in the process).
-cool in 0.1 s (electron-cooling) -transfer the cooled beam to a "parking orbit" -repeat 12 times.
In this way, one can inject a beam 120 times more intense than with monoturn injection.
TRANSFER BETWEEN SYNCHROTRONS
In a long chain of injectors like that of the LHC, the particle losses and emittance dilutions must imperatively be minimized at each transfer. This is obtained by careful matching of the beam properties.
Injection offsets are measured with position monitors (at least two) and corrected by steering devices in the injection line. The remaining effects are reduced further by active feedback systems, which must damp coherent oscillations faster than the filamentation process induced by tune spread.
Mismatch between the focusing functions in the receiving machine and the optical properties of the injected beam can also lead to dilution. Recently it has become possible, for instance using Optical Transition Radiation screens and Charge Coupled Device cameras, to measure shape oscillations. These can be minimized by adjusting quadrupoles.
The value of the dispersion function D must also be carefully adjusted to avoid longitudinal -transverse emittance transfers.
LONGITUDINAL SPACE CHARGE
Let us consider again a continuous cylindrical beam with uniform density circulating in a concentric vacuum pipe. As we have seen above, for reasons of symmetry electromagnetic fields generated in the vacuum by this beam are transverse to the beam direction. The addition of a concentric, perfectly conducting wall, does not change this property. Therefore in this case there is no longitudinal effect of the space-charge. On the contrary if the line density ( ) s λ varies along the beam, the space charge results in a longitudinal electric field which can easily be calculated [10] by applying Stokes' law to the small circuit of fig. 8 : In this simple example the field grows linearly from the centre to the edges of the bunch and this reduces (or increases above transition energy) the focusing effect of the RF voltage.
Integrating over the ring we find the equivalent voltage seen by the particle at the bunch extremity: The quantity in brackets is the "space-charge impedance". During accumulation in low energy rings, the space-charge voltage must stay smaller than the RF voltage at the bunch extremity. This puts a lower limit on the necessary R.F. voltage.
The requirement becomes more stringent during bunch compression. This technique is used to produce the very short bunches needed in drivers. A long bunch with a small momentum spread is injected into a large R.F. bucket far from matching conditions ( fig. 9) . In a quarter of a synchrotron oscillation the bunch rotates to the upright position and is ejected from the machine there. At the end of the process the space-charge induced voltage is maximum and if too important may hamper the compression. As an illustration the voltage developed at the extremities of a p N 13 
10
= bunch at 2 GeV with 1 = t σ ns (close to the CERN neutrino factory driver parameters) is 15 MV.
FIGURE 9 Bunch compression
WEAK CHAOS
Now we turn our attention to a problem of single particle instability induced by unwanted non-linear components of the guide field. Magnet builders have learned how to minimize these effects. However, in the case of hadron storage rings, the particles have to circulate for enormous distances: in the LHC, storage time is 10 hours, which means 4.10 8 revolutions or 10 10 km. The trajectories of these particles, which see practically no damping at this time scale, are extremely sensitive to small non-linear forces. The problem of transition from regular to chaotic motion is nowadays widely studied for the solar system and many other dynamical systems. We try here to give a terse account of studies done in accelerators and their conclusions.
Non-linear fields are essentially responsible for two effects which conspire to destabilize in the long term particle motion.
In the first place they induce a tune spread in the beam. This is mainly caused by the systematic errors, those which are the same in all magnets around the ring.
In the second place they excite non-linear, high order resonances. This is mainly due to the random errors, those which vary from magnet to magnet and thus generate a rich spectrum of azimuthal harmonics. Because of the tune spread one cannot prevent some particles from crossing resonances, especially those which have a large betatron amplitude and therefore a large tune shift. Moreover the basic parameters of the machine cannot be completely fixed, and are subject to some jitter. For instance it is very difficult in practice to control residual tune modulations due to the imperfections of the quadrupole power supplies to better than
. This is sufficient to make particles cross repeatedly a large number of resonances, which may in turn induce weakly chaotic motion leading to slow diffusion of particles towards large amplitude and eventually to particle losses.
This problem has been investigated both by experiments in existing machines and by computer simulations. We will give an example of each approach [11] .
In an experiment on the CERN SPS, the machine, which is otherwise very linear, was perturbed in a controlled way using strong sextupolar lenses. The tune, the diffusion rate, and the onset of particle losses were measured versus the initial particle amplitude. This was compared to computer simulation in which the tune shift and the onset of chaotic motion were evaluated. Simulation results were in good agreement with experimental observations, as can be seen on fig. 10 . 11 shows the results of a computer simulation of the above experiment which evaluates turn after turn the oscillation amplitude of 32 particles for up to 3 million turns [12] All particles start with the same initial amplitude, which corresponds to the lower edge of the chaotic zone shown in fig. 10 . In a linear system, the motion would be regular forever and one would observe just one horizontal line in fig. 11 : all amplitudes would stay constant. On the contrary, we observe that the amplitudes of individual particles jitter and slowly move apart. In addition, from time to time a particle escapes towards large amplitudes and is lost out of the machine. This behaviour is typical of chaotic motion. The largest particle amplitude below which the motion remains regular is called the "Dynamic Aperture". Hadron colliders must be carefully designed to provide a sufficiently large Dynamic Aperture for the beam.
EXAMPLE OF HADRON BEAM MANIPULATION
Hadron beams are delicate objects to be manipulated with care, because they keep memory of all treatments inflicted on them. However, and for essentially the same reason, they lend themselves to beautiful experiments, such as the triple bunch splitting which is now used to prepare the beam for the LHC. Fig. 12 shows how a long bunch is split into three by adiabatically raising and lowering as required the voltage in three R.F. systems of different frequencies [13] . 
CONCLUSION
Hadron beams are used in a large variety of applications, ranging from proton drivers to high energy colliders. Obtaining and preserving the beam quality needed in these machines require enormous amounts of ingenuity. Whereas half a century of studies were necessary to reach to-days performance, the field is still blooming and the considerable efforts now engaged hold the promise of continuing progress.
